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Genetic Variation in the PNPLA3 Gene Is Associated with
Alcoholic Liver Injury in Caucasians

Felix Stickel,'* Stephan Buch,** Katharina Lau,’> Henriette Meyer zu Schwabedissen,* Thomas Berg,’
Monika Ridinger,® Marcella Rietschel,” Clemens Schafmayer,® Felix Braun,® Holger Hinrichsen,”
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Christian Datz,'® Michael Krawczak,'” Norbert Wodarz,° Henry Vélzke,> and Jochen Hampe®

A recent genome-wide study revealed an association between variation in the PNPLA3 gene
and liver fat content. In addition, the PNPLA3 single-nucleotide polymorphism rs738409
(M148I) was reported to be associated with advanced alcoholic liver disease in alcohol-de-
pendent individuals of Mestizo descent. We therefore evaluated the impact of rs738409 on
the manifestation of alcoholic liver disease in two independent German cohorts. Genotype
and allele frequencies of rs738409 (M148I) were determined in 1,043 alcoholic patients
with or without alcoholic liver injury and in 376 at-risk drinkers from a population-based
cohort. Relative to alcoholic patients without liver damage (n = 439), rs738409 genotype
GG was strongly overrepresented in patients with alcoholic liver cirrhosis (n = 210; OR
2.795 Pyenotype = 1.2 X 1075 Putetic = 1.6 X 10~°) and in alcoholic patients without cirrho-
sis but with elevated alanine aminotransferase levels (n = 2195 OR 2.33; Pyenorype = 0.0085;
P,jiegic = 0.0042). The latter, biochemically defined association was confirmed in an inde-
pendent population-based cohort of at-risk drinkers with a median alcohol intake of 300 g/
week (OR 4.75; Pyenoype = 0.0405 Pyjjepic = 0.022), and for aspartate aminotransferase
(AST) levels. Frequencies of allele PNPLA3 rs738409(G) in individuals with steatosis and
normal alanine aminotransferase (ALT) and AST levels were lower than in alcoholics with-
out steatosis and normal ALT/AST (P ombinea = 0.03). The population attributable risk
of cirrhosis in alcoholic carriers of allele PNPLA3 rs738409(G) was estimated at 26.6%.
Conclusion: Genotype PNPLA3 rs738409(GG) is associated with alcoholic liver cirrhosis
and elevated aminotransferase levels in alcoholic Caucasians. (HepraToLoGY 2011;53:86-95)

lcoholic liver disease (ALD) accounts for over ALD comprises various degrees of liver injury ranging
50% of all chronic liver disease in industrialized from alcoholic fatty liver (with or without inflamma-
ountries' > and was responsible for more than tion) to alcohol-induced hepatic fibrosis and cirrhosis.
25,000 deaths in 2005 in the United States alone. Although nearly all heavy drinkers show signs of

Abbreviations: AC, alcoholic control; AFL, alcoholic fatty liver; ALC, alcoholic liver cirrhosis; ALD, alcoholic liver disease; ALT, alanine aminotransferase; AST,
aspartate aminotransferase; BMI, body mass index; CI, confidence interval; MAE minor allele frequency; OR, odds ratio.
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hepatic steatosis, only 10%-35% of alcoholic individu-
als develop hepatic inflammation and 10%-20% pro-
gress to cirrhosis.”® Apart from the pattern and
amount of alcohol consumption, coinfection with hep-
atitis B and C virus, female sex, obesity, and other fea-
tures of the metabolic syndrome contribute to the de-
velopment of alcoholic cirrhosis.”® However, because
these factors are not sufficient to explain the wide di-
versity of hepatic damage, a role of genetic factors is
suspected. In fact, twin studies have suggested that
approximately 50% of the phenotypic variation of al-
coholism can be attributed to genetic factors.”'
Recently, a genome-wide screen of nonsynonymous
single-nucleotide polypmorphisms in a population of
Hispanic, African, and European Americans from the
Dallas Heart Study identified a strong association of a
variant in PNPLA3 (rs738409 [M148I]) with hepatic
fat content as measured using proton magnetic reso-
nance spectroscopy.’’ In the subgroup of Hispanic
extraction, a similarly strong association with elevated
alanine aminotransferase (ALT) levels was observed.
The association between PNPLA3 variants and ALT se-
!> and hepatic fat content were subse-
quently confirmed in subjects of Finnish,'*'> Argenti-

12
rum levels

nian,'® southern Europeam,17 and German'® ancestry.
In addition, Tian et al.'” investigated a possible rela-
tion with clinically evident liver disease using 17 var-
iants in PNPLA3 and a panel of 306 ancestry-informa-
tive single-nucleotide polymorphisms in a Mestizo
(mixed European and Native American ancestry) pop-
ulation with a history of heavy alcohol abuse. A signif-
icant association of PNPLA3 rs738409 with alcoholic
cirthosis (unadjusted odds ratio [OR] 2.25; P = 1.7 X
10719 was found. Due to marked differences in allele
frequencies of PNPLA3 rs738409(G) across popula-
tions, an ancestry-adjusted analysis was performed that
confirmed the initial observation (adjusted OR 1.79;
P =19 x 107°). The difference of five orders of
magnitude on the significance level due to ethnic sub-
stratification underscores the need to evaluate variant
PNPLA3 1s738409(G/C) in independent and poten-
tially less genetically heterogenous samples. Analyses of
regional or ethnic stratification in German Caucasians
have not revealed significant evidence of genetic sub-
strata,”® thus suggesting that Germany is a suitable set-

STICKEL ET AL. 87

ting for such replication studies. We therefore investi-
gated the impact of variant PNPLA3 1s738409 on
ALD in two independent German study populations.

Patients and Methods

Alcoholic Patients (Multicenter Sample). Alcoholic
patients with a long-term history of chronic alcohol
abuse were recruited from gastroenterology, psychiatry,
and addiction medicine departments of the university
hospitals of Regensburg, Mannheim, Heidelberg,
Liibeck, Erlangen, Frankfurt, Kiel, and Homburg, all
in Germany. Patient cohorts were reported previ-
ously, 2122
detail both for aspects related to liver disease®’ and
those related to psychiatry.”> A recruitment algorithm
depicting sample size, patient inclusion, exclusion,
characterization, and group assignment is provided in
Fig. 1. In brief, consecutive alcoholic patients for whom
sufficient clinical data were available and who had past
and/or present heavy alcohol consumption (>60 g/day
for women and >80 g/day for men) for more than 10
years were recruited between 2000 and 2009 in the par-
ticipating centers. To confirm the eligibility of patients,
present alcohol consumption was quantified during a
face-to-face interview. All patients from Regensburg and
Mannheim received a diagnosis of alcohol dependence
(per DSM-1IV criteria) by the consensus of two clinical
psychiatrists. All patients underwent careful clinical ex-
amination, standard laboratory testing, and abdominal
ultrasound. Chronic viral hepatitis was excluded in all
patients by testing for hepatitis B surface antigen, anti-
body to hepatitis B core antigen, and third-generation
hepatitis C antibody enzyme-linked immunosorbent
assay. Serum levels of ferritin and transferrin saturation
were determined to rule out hereditary hemochromato-
sis, and neither clinical nor serological signs of autoim-
mune liver disease were present. All patients and con-
trols were of self-reported German ancestry.

The presence of cirrhosis was determined on the
results of a liver biopsy (fibrosis stage 4) or unequivo-
cal clinical and laboratory evidence for the presence of
cirthosis as reflected by a combination of (1) standard
liver blood tests (aminotransferases, gamma glutamyl
transpeptidase, coagulation tests, serum albumin

and enrollment protocols were reported in
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>10 years

multi-center sample:

Regensburg n= 699 (100% male)
Mannheim n=129 (100% male)
Heidelberg n= 95 ( 75% male)
Libeck n= 69 ( 70% male)
Erlangen n= 34 ( 82% male)
Frankfurt n= 24 ( 75% male)
Kiel n= 19 ( 69% male)
Homburg n= 10 ( 90% male)

total n= 1079

Study inclusion criteria

alcohol consumption: > 60g/day for women;
> 80g/day for men;

diagnosis of alcohol dependence: fulfill DSM-IV criteria

patients from gastroenterology, psychiatry and addiction
medicine departments at the university hospitals of

A 4

v

manifest alcoholics
n =1056 (94 % male)

excluded
n=26

chronic viral hepatitis n=7
autoimmune liver disease n=3
hereditary hemochromatosis n=4
incomplete clinical data n=12

v

excluded
n=13

genotyping failure n=13

manifest alcoholics
n =1043 (94 % male)

v

non-severe liver disease
n =394 (93,5 % male)

v

v

v

severe liver disease
- with liver cirrhosis

n =210 (79,5 % male)

sonographic steatosis

- with elevated ALT

n =219 (92.9 % male)
or

- with elevated AST

n =231 (89.2 % male)

sonographic steatosis

- without elevated ALT
n =175 (95.5 % male)

or

- without elevated AST
n =163 (98.2 % male)

without liver disease

-without cirrhosis

-without sonographic
steatosis

-with normal ALT

group:
cirrhosis (ALC,.)

group:
liver damage (ALD,,)

n =439 (100 % male)
-with normal AST
n =413 (100 % male)

group:
alcoholic controls (Ac,.)

group:
fatty liver (AFL,.)

Fig. 1. Algorithm depicting the recruitment of alcoholic patients and controls for the multicenter sample, their characterization, and corre-

sponding group assignment.

concentration, platelet count), (2) cirrhosis-related
complications including encephalopathy or ascites, (3)
sonographic and/or radiological (computed tomogra-
phy) findings suggestive of cirrhosis (hunched liver sur-
face, ascites, splenomegaly), and (4) detection of

esophageal varices via upper gastrointestinal endoscopy.
Liver biopsies were scored according to Ishak et al.*’
The presence of steatosis was assessed by increased
echogenicity of liver parenchyma on abdominal ultra-
sound in relation to echogenicity of the kidney cortical
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parenchyma at each individual center. ALT and aspar-
tate aminotransferase (AST) levels were determined as
part of routine clinical chemistry and scored as ele-
vated based on the thresholds established by the labo-
ratories at the individuals centers. Based on these phe-
notypic variables, patients were assigned to the
following groups: (1) alcoholic liver cirrhosis (ALC),
(2) alcoholics with liver steatosis on ultrasound and
elevation of ALT (alcoholic liver damage [ALD]), (3)
alcoholic liver steatosis and normal liver enzyme levels
(alcoholic fatty liver [AFL]), and (4) alcoholic patients
with normal appearance of the liver on ultrasound and
normal liver enzyme levels (alcoholic controls [ACs]).
In addition, similar assignments were made using AST.
All assignments were made by the clinical investigators
blinded to the genotype data.

At-Risk Drinkers (Population-Based Sample). Sub-
jects from the Study of Health in Pomerania were
recruited as described.>* In brief, 4,310 adult German
residents (20-79 years of age) of West Pomerania in
Northeast Germany were recruited in between 1997
and 2001 and underwent an extensive multidimen-
sional phenotyping, which has been analyzed and
reported.”>?” An algorithm depicting patient recruit-
ment, characterization, and group assignment is shown
in Fig. 2. Alcohol consumption was assessed using the
beverage-specific  quantity-frequency  measure  as
described by Baumeister et al.**: number of days of
alcohol consumption (beer, wine, spirits) and average
daily alcohol consumption per day over the past
month. Average daily consumption (in grams of pure
ethanol per day) was calculated by multiplying fre-
quency and amount using beverage-specific standard
ethanol contents. Serum ALT levels were measured
photometrically (Hitachi 704; Roche, Mannheim, Ger-
many) and are expressed as pumol/L X second, which
corresponds to (umol/L x second) x 60 = IU/L. Se-
rum ALT levels exceeding the upper reference limit
recommended by the manufacturer (0.67 [40.2 TU/L]
in men and 0.52 [31.2 IU/L] in women) were consid-
ered increased. Assessment of steatosis (presence or ab-
sence thereof) and subject grouping based on ultra-
sound findings, serum ALT levels and daily alcohol
consumption resembled that of the multicenter sample
and created four categories: (1) alcoholic subjects with
steatosis and increased serum ALT levels (ALD), (2)
alcoholics with sonographic evidence of fatty liver but
normal serum ALT levels (AFL), (3) alcoholic subjects
with normal liver echogenicity and ALT levels within
the normal range (AC), and (4) nonalcoholic control
subjects who were either abstainers or had a daily alco-
hol consumption of <10 g. All groups were matched
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for alcohol intake, sex, body mass index (BMI) and di-
abetes. In addition, groups were assigned using serum
AST instead of ALT levels.

Genotyping. DNA from all samples was prepared
using the FlexiGene chemistry (Qiagen, Hilden, Ger-
many) according to the manufacturer’s protocol. DNA
samples were evaluated by way of gel electrophoresis
and adjusted to 20-30 ng/ul. DNA content using the
Picogreen fluorescent dye (Molecular Probes, Carlsbad,
CA). One microliter of genomic DNA was amplified
with the GenomiPhi (Amersham, Uppsala, Sweden)
whole-genome amplification kit and fragmented at
99°C for 3 minutes. Five nanograms of DNA were
dried overnight in TwinTec hardshell 384-well plates
(Eppendorf, Hamburg, Germany) at room tempera-
ture. Genotyping rs738409 (hcv7241) was performed
using the Tagman chemistry (Applied Biosystems, Fos-
ter City, CA) on an automated platform with Tecan
Freedom EVO and 384-well TEMO liquid handling
robots (Tecan, Minnedorf, Switzerland). All process
data were logged and administered using database-
driven LIMS software.”® Reactions were completed
and read in a 7900 HT TagMan sequence detector
system (Applied Biosystems). The amplification reac-
tion was performed with the TagMan universal master
mix. Thermal cycling conditions consisted of one cycle
for 10 minutes at 95°C, 45 cycles for 15 seconds at
95°C, and 45 cycles for 1 minute at 60°C.

Data Analysis. The study was performed using a
case-control design: Primary analyses were performed
in patients with manifest alcohol abuse. The key inclu-
sion criterion was defined alcohol dependence. No
additional matching was performed as shown in Fig. 1
and as explained in the Alcoholics (Multicenter Sam-
ple) section in Patients and Methods. Confirmatory
analyses were performed in a patient sample drawn
from a population-based study. Matching was per-
formed using the patients with alcoholic liver damage
(ALD,,) as a reference. The other phenotypic categories
were drawn randomly from the population study to
provide matching of the median alcohol intake (identi-
cal medians), BMI (medians within 1%), sex (differ-
ence <5%), and diabetes status (differences <2.5%)
to control for the main risk factors contributing to
alcoholic liver damage and steatosis. Details are pro-
vided in Table 1, Fig. 2, and Supporting Information
Table 2. Comparisons of frequencies of the three geno-
types CC, CG, and GG were performed on a 3 x 2
contingency table between phenotypic groups. Herein,
separate analyses based on serum ALT and AST levels
were performed. For allelic tests, the frequency of the
risk (G) allele was compared between groups, thereby
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Study inclusion criteria

at risk drinkers:
alcohol consumption: > 20g/day

non-alcoholic controls:

-last year abstainers;

-moderate drinkers < 10g/day
-with normal ALT and AST level

HEPATOLOGY, January 2011

non-alcoholic
controls:
n =890

alcohol consumption was assessed using the beverage-
specific quantity-frequency measure over the past month.

population-based sample:

Data from SHIP (Study of Health in Pomerenia) were
used. The target population was adult (20-79 years of
age) German residents of West Pomerania in North-
Eastern Germany.

(65 % female)

total n= 1525
excluded <
n=42
v chronic viral hepatitis B n=8
] ] chronic viral hepatitis B n=6
at risk drinkers known history of cirrhosis n=5
n =593 uncertain diagnosis of hepatic steatosis n=12
incomplete clinical data n=11
excluded |2
n=231 =
v genotyping failure n=31
at risk drinkers
n =562
|
v
non-severe liver disease
n =305
|
1 1

groups matched for alcohol intake, BMI, sex, percent diabetics & age*
(reference: “Sonographic steatosis with elevated ALT or AST”")

v

v

v

v

sonographic steatosis

-without cirrhosis
-with elevated ALT

n =205 (95.6 % male)
or

-with elevated AST

n =45 (93.3 % male)

group:

sonographic steatosis

-without cirrhosis
-without elevated ALT
n =64 (95.3 % male)
or

-without elevated AST
n =94 (97.8 % male)

group:

without liver disease

-without cirrhosis
-without sonographic
steatosis

-with normal ALT

n =107 (95.4 % male)
or

-with normal AST

n =44 (88.6 % male)

group:

non-alcoholic controls

-without sonographic
steatosis

-with normal ALT

n =162 (95.0 % male)
or

-with normal AST

n =117 (93.2 % male)

group:

Fig. 2. Recruitment, phenotyp-
ing, and allocation to different
study groups for the population-
based sample. *Matching for the
known risk factors of alcohol
intake, BMI, sex, and diabetes sta-
tus took precendence over age

liver damage (ALD,) fatty liver (AFL,)

alcoholic controls (AC,)

non-alcoholic controls (C,) .
matching.

aggregating the CG genotypes (allele count G: 1) and
GG genotypes (allele count G: 2). Genotypic and allelic
tests of association genotype results were performed using
y* statistics or Fisher’s exact tests on these contingency
tables as appropriate. Nominal P values are reported for
all tests. To determine the proportion of the excess phe-
notype manifestation that might be attributable to a spe-
cific genotype, the population attributable risk in percent

(PAR%) was calculated as:

fer(RR —1)

PARY% =
? fGT(RR— 1)+1

100

where f;, is the frequency of the genotype in the at-
risk population and RR refers to the genotypic relative
risk as estimated by the respective ORs. The popula-
tion attributable risk or fraction provides an epidemio-
logical estimate of which proportion of the disorder is
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Table 1. Characteristics of Alcoholic Patients and Control Subjects

Group n ALT (lU/L) AST (l1U/L) Age (Years) Male Sex (%) BMI (kg/m?) Diabetes (%)
Multicenter sample
Alcoholic liver cirrhosis (ALCy) 210 25.5 (14-39.3) 39 (19.5-72.5) 50 (43-55) 79.5 25.4 (23.0-28.2) ND
Alcoholic liver damage (ALDy,c) 219 84 (66.3-134.8) 75 (51-124.3) 45 (38-54) 92.9 26.4 (24.2-30.4) 3
Alcoholic fatty liver (AFLyc) 175 25.5 (17-33) 22 (14-34.5) 3 (37-50) 95.5 24.3 (22.1-25.4) 45
Alcoholic controls (ACc) 439 21 (15-29) 16 (11-25) 39 (34-45) 100 n/d 2.2
Population-based sample
Alcoholic liver damage (ALD,) 205 55.2 (42.9-67.5) 33 (27.6-41.6) 48 (41-56) 95.6 29.5 (26.7-32.4) 5.6
Alcoholic fatty liver (AFL,) 64 25.2 (21.3-29.1) 21.6 (19.6-24.7) 63 (58-68) 95.3 29.6 (27.2-32.1) 7.2
Alcoholic controls (AC,) 107 23.9 (19.1-29.4) 20.4 (17.4-22.8) 55 (43-68) 94.4 29.3 (27.5-31.2) 4.7
Nonalcoholic controls (Cp) 162 21.3 (16.8-27.6) 19.2 (16.8-21.6) 66 (59-72) 95.0 29.1 (27.6-31.0) 5.0

ND, not determined.

Patients and controls were phenotyped as described in Patients and Methods. Group assignment of patients is based on ALT levels. Quantitative measures are sum-
marized as median (25th percentile and 75% percentile [Q1-Q3]). Controls in the population-based sample were either abstainers or drank <10 g alcohol per day.

attributable to the risk factor (here, the genotype) in
question. In other words, it provides an estimate on
how much less alcoholic liver damage would be pres-
ent in the population if the risk genotype would be
eliminated from the population.

Results

Association with Manifestations of ALD in the
Multicenter Sample. Details of patients and controls
are provided in Table 1 and Supporting Information
Tables 1 and 2. Analyses were first performed in the
multicenter sample using the 439 alcoholic patients
(AC,,0) without sonographic, clinical, or biochemical
evidence of liver damage as a reference group for statis-
tical tests. Allelic and genotypic
15738409 with AC (n = 210) was highly significant
(Pyetic = 1.6 x 1075 Pyenoype = 1.2 X 107°). The
OR for homozygous carriers of the risk allele
15738409 was estimated as ORapcmeca) 3.60 (95%
confidence interval [CI] 1.95-6.64) compared with
ORALCmc(CG) 2.01 (95(% CI 1.44-2.8 1) and
ORALCmeG) 1.86 (95% CI 1.44-2.40) for carriership
of the rs738409(G) allele. Association was also
detected in comparison with patients ALD (ALD,,,
Pigic = 42 X 1077 Pyeporype = 8.5 x 107°) with
corresponding ORs of ORarpmeca) 2.55 (95% CI
1.37-4.73) for homozygotes compared with heterozy-
gous carriers of the risk allele was observed
(ORALDmc(CG) 1.42 [95(y0 Cl 102—196]) Interest-
ingly, in AFL patients, the G allele and GG genotype
showed a tendency toward underrepresentation (Pyepo-

pe = 0.11) with corresponding ORs of ORApLmcGa)
031 (950/0 CI 009—106) and ORAFme(CG) 0.77
(95% CI 0.53-1.11). The frequency of the risk allele
1s738409(G) thus increases with increasing biochemi-
cal evidence of alcoholic hepatocyte damage as
depicted in the upper panel of Fig. 1. A similar trend

association of

is evident for the homozygote rs738409(GG) genotype
for steatosis with normal ALT (faprmecs = 1.7%),
no discernible changes in sonography and normal ALT
(facme(Ga) = 5%), alcoholic liver damage and elevated
ALT (fALDmc(GG) = 110/0), and cirrhosis (fALCmc(GG) -
12.9%). Complete results of genotyping are provided
in Table 2.

Because an AST/ALT ratio of >1 is a typical feature
of ALD, and elevated AST levels are considered spe-
cific for alcohol-related liver injury, an analysis based
on AST values was performed. Results are presented in
Fig. 3A and in Supporting Information Tables 2 and
3. The results are indeed very similar to those from
the ALT-based analysis.

Association with Manifestations of ALD in the
Population-Based Sample. Alcohol intake and the
prevalence of associated liver damage has been assessed
systematically in the population-based Study of Health
in Pomerania.”* Using a cutoff of 140 g/week of alco-
hol intake as a threshold of at-risk exposure to alcohol,
a group of 107 individuals (median group alcohol
intake 300 g/week) without detectable liver damage
was used as a reference for analysis. Using a phenotype
of combined elevated ALT levels and increased echoge-
nicity of the liver, significant association of
1s738409(G) homozygosity with ALD was confirmed
(Patelic = 0.024; Pyenoype = 0.04). A more pro-
nounced risk was detected with homozygosity
ORaLppGa) 5-32 (95% CI 1.19-23.77) and hetero-
zygosity ORappca) 1.53 (95% CI 0.95-2.47). Again,
subjects with steatosis and liver enzyme levels within
the normal range exhibited a trend toward minor allele
frequency (MAF) of the rs738409(G) allele at 0.156
versus 0.196 for controls (genotypic P = 0.33;
ORAFLp (&) 076 [950/0 CI 042—136] and ORAFLp(CG)
= 0.66 [95% CI 0.34-1.28]). The allele frequencies
are plotted against each of the three groups of alco-
holic patients in the lower panel of Fig. 1. An analysis
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Table 2. Genotype Frequencies and Association Analysis of Groups Based on Serum ALT Levels
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OR (95% CI)

Genotype

P genotype

GG+ GC versus CC GG versus GC+CC Comparison Paelic

G versus C

GG MAF (%) fee (%)  fec (%)

CG

cc

Group

Multicenter sample

1.18 x 107°

1.60 x 107®

ALCy,c versus ACpc
ALD versus AC

2.79 (1.55-5.04)

2.01 (1.44-2.81)
1.42 (1.02-1.96)
1.42 (1.02-1.96)
0.77 (0.53-1.11)
2.62 (1.73-3.97)

1.86 (1.44-2.40)
1.46 (1.13-1.89)
1.46 (1.13-1.89)
0.74 (0.54-1.02)
2.50 (1.78-3.51)

12.9
11.0

44.3

35.0

27
24
24

93
82

90
113
113
116

210
219
219

Cirrhosis (ALCpne)

0.0085
0.0085

0.0042
0.0042
0.067

7.84 x 1078

374

29.7

Alcoholic liver damage (ALD, )

Liver damage (ALD )
Fatty liver (AFLyc)

ALD,, versus ACpe
AFL,c versus ACpc

2.33 (1.27-4.26)
0.33 (0.09-1.11)
8.45 (2.52-28.4)

374 11.0

29.7

82

0.111
5.78 x 1077

32.0 1.7

17.7

56

175

ALC,c versus AFLy

264 153 22 224 349 5.0

439

Alcoholic controls (ACp)

Population-based sample

0.040
0.334

0.021

ALD,, versus AC,
AFL, versus AC,

4.75 (1.08-20.9)
1.69 (0.23-12.3)

1.53 (0.95-2.47)
0.66 (0.34-1.28)

1.60 (1.07-2.38)
0.76 (0.42-1.36)

8.3
3.1

395

107 81 17 28.0

205

Liver damage (ALDp)

Fatty liver (AFL,)

0.352

25.0

15.6

16
38
55

46

64
107
162

19.6 35.5 1.9
1.9

67
104

Alcoholic controls (AC,)

0.965

0.817

C, versus AC,

0.93 (0.56-1.55)  0.99 (0.16-6.02)

0.95 (0.61-1.47)
AFL (combined post hoc analysis)

34.0

18.8

Nonalcoholic controls (Cp)

0.086
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Results of the genetic association analysis of coding single-nucleotide polymorphism rs738409 (M148l) in the PNPLA3 gene are shown, including genotype counts, genotype frequencies, and minor allele fre-

quencies. P values are reported for allelic (Payeiic) and genotypic association (Pgenotype) tEStS.
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Fig. 3. Frequency of risk allele rs738409(G) in the clinical catego-
ries of alcohol-induced liver damage. (A) Results from the multicenter
population of clinical alcoholics. (B) Results of the population-based
study. Allelic P values for group comparisons are also given. The P
value of the combined comparison of the AFL versus AC groups is
noted in parentheses and is marked with an asterisk. The bracket
below the x axis indicates the combined analysis in nonsevere liver
disease in the multicenter sample (OR 1.11 [Cl 0.89-1.40], P =
0.353 for ALT-based analysis and OR 1.11 [0.88-1.39], P = 0.381
for AST-based analysis) and population-based sample in the lower
panel (OR 1.37 [Cl 0.93-2.03], P = 0.111 for ALT-based analysis
and OR 1.25 [Cl 0.69-2.27], P = 0.466 for AST-based analysis).

based on AST concentrations was performed that
revealed similar findings as in the multicenter sample.
Detailed findings are reported in Fig. 3B and in Sup-
porting Information Tables 2 and 3.
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Because BMI was available for all subjects from the pop-
ulation-based sample, ALT values in different genotypes
were analyzed with and without correction for BMI. As
demonstrated in Supporting Information Fig. 1, BMI had
no significant impact on serum ALT concentrations.

Combined Analysis of Steatosis. Combined analysis
of subjects with steatosis and liver enzyme levels within
the normal range compared with individuals without
sonographic steatosis and normal ALT levels from
both the multicenter and population-based study
revealed a significandy lower frequency of the
rs738409(G) allele at MAF pr = 0.021 versus MAFA¢
= 0.044 (Fig. 1, Table 2).

Population-Attributable Risks for Alcoholic Liver
Damage in Alcoholic Patients. The genotype allele
frequencies from the population based control study of
abstainers were located between those of AC and AFL
(P > 0.05). Thus, the population-attributable risks for
the development of alcoholic cirrhosis can be estimated
at 4.6% (OR 3.6 [CI 1.95-6.64]) for homozygotes and
26.6% (OR 2 [CI 1.44-2.81]) for G allele carriership.

Discussion

This study demonstrates an association of alcoholic
liver disease with the allele PNPLA3 rs738409(G) in
Caucasian alcoholic patients with a P value of (P,
= 1.6 x 107°) for cirrhosis and 0.0042 for elevation
of ALT. The latter finding was confirmed with a P
value of 0.02 in a population-based sample of drinkers
with a median alcohol intake of 300 g/week. No dif-
ference in genotype frequencies between ACs and
healthy control subjects from the population-based
study was observed rendering an association of the
studied polymorphism, with alcohol intake itself
unlikely. These results were confirmed in an AST-based
analysis indicating a robust genotypic effect.

Our data underscore the significance of genotype
PNPLA3 rs738409(GG) in ALD recently demon-
strated for an admixed population of Mestizo individu-
als." The degree of admixture in the former study is
reflected by five orders of magnitude of difference
between the uncorrected P value (P = 1.7 x 107 ')
and the ethnicity-adjusted significance level of (P =
1.9 x 107°). This also emphasizes the important dif-
ferences in population frequency of variants at
PNPLA3, which may partly explain prevalence differ-
ences of alcoholic and nonalcoholic liver disease.'
Based on systematic studies on evidence of population
substructure,”®?? German Caucasians do not exhibit a
significant degree of substratification and can thus be
grouped on the basis of phenotype alone as performed
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in previous studies.”” Because no correction for ethnic
background was necessary, a direct estimation of risk
and ORs for different manifestations of ALD was pos-
sible. The genotypic OR of 3.6 for homozygous car-
riage of the risk genotype rs738409(GG) for cirrhosis
is remarkably high for a complex trait such as alco-
holic cirrhosis. This calculated risk for rs738409(GQG)
carriers is surprisingly consistent with the data of Tian
et al.,'” which can be estimated at (1.81)* = 3.27,
confirming the accuracy of the ancestry correction in
their study. The inclusion of the population-based
cohort confirms the impact of the risk genotype for
alcoholic liver damage even on a moderate level of risk
intake of a median of 300 grams of alcohol per week.

Although genetic substratification is likely not a
methodological problem of this study, the multicenter
study comprises subjects diagnosed at many centers
across Germany. Thus, differences in phenotypic
assignment among centers and investigators cannot be
fully ruled out. To specifically control for potential
misclassification bias, an additional, population-based
study with highly standardized phenotyping was
included as an independent confirmation cohort.”*
Herewith, the ORs are similar to those calculated for
patients in the multicenter study, including the under-
representation of the risk genotype rs738409(GG) in
heavy drinkers with ALT values within the reference
range. Thus, phenotypic heterogeneity does not seem
to preclude the conclusions derived from the multicen-
ter study of clinical alcoholics.

Previous genetic reports have associated the variant
both with hepatic fat content'"'*'® and with markers
of hepatocyte damage as reflected by elevated serum
ALT and AST levels.'*'® In both of our populations,
the association of genotype rs738409(GG) with liver
cirrhosis and ALT elevation is consistent. Whether this
association depends on variable degrees of steatosis
cannot be answered with these data, because limited
information from only a subset of patients with avail-
able liver histologies prevent sufficiently powered anal-
yses. Apart from the initial ALT-based analysis, we
have also analyzed the complete dataset with an AST-
based approach paying tribute to the frequent eleva-
tion of AST over ALT levels in alcoholics, which con-
firmed the association of genotype rs738409(GG) with
AST elevation underlining a robust biological basis for
the observed genotypic effects. However, the power of
the AST-based analyses seemed somewhat lower than
in the ALT approach. We have no precise explanation
for the lower specificity of AST elevation to detect liver
damage in these individuals, but a confounding effect
from extrahepatic sources of AST might contribute to
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this observation. Obesity, however, does not seem
to add to the association of genotype rs738409(GG)
with ALD.

It remains an unresolved issue why carriage of the
1s738409(G) allele increases the susceptibility to de-
velop alcoholic liver damage and liver enzyme eleva-
tions, whereas carriage of the C allele confers protec-
tion. What seems to be a stable observation in both of
our populations is the low frequency of the risk allele
1s738409(G) in drinkers with sonographic steatosis
and no biochemical evidence of relevant alcoholic liver
injury, suggesting protection from progression to more
advanced alcoholic liver damage when the risk variant
is absent. This finding suggests a mechanism leading
merely to steatosis, and a second molecular link pro-
moting necroinflammatory activity driven by the
1s738409(G) genotype. Along this line, we hope our
report inspires other investigators to reach a mechanis-
tic understanding of these processes. Clearly, sono-
graphic echogenicity can serve only as an approxima-
tion of the presence or absence of liver steatosis. Thus,
this finding needs to be further investigated in patient
samples with biopsy-based assessment of steatosis,
inflammation (apoptosis), and fibrosis.

The functional implications of PNPLA3 and its
genetic variation are still incompletely defined and cur-
rently subject to intense research. PNPLA3, also referred
to as adiponutrin, encodes a 481—amino acid protein that
belongs to the patatin-like phospholipase domain-con-
taining family.® Human PNPLA3 is closely related to
adipose triglyceride lipase PNPLA2, a major triglyceride
hydrolase of adipose tissue.”"** Recently, He et al.”
reported a functional study of the allelic effects of
PNPLA3 rs738409(G) on triglyceride metabolism
and subcellular localization in cellular and mouse model
systems. Their data are compatible with PNPLA3
1s738409(G) primarily promoting triglyceride accumula-
tion by limiting triglyceride hydrolysis by demonstrating
that the wild-type enzyme hydrolyzes emulsified triglycer-
ides, whereas the variant offsets this activity. Expression of
PNPLA3 rs738409(G), but not of wild-type PNPLA3
1s738409(C), increased cellular triglyceride content in
cultured hepatocytes or in the livers of mice.

In the past two decades, the search for genetic factors
that predispose carriers to ALD has resulted in a large
number of hypothesis-driven candidate gene case-con-
trol studies. Herein, associations between alcoholic liver
injury with single-nucleotide polymorphisms within
genes coding for alcohol-metabolizing enzymes,*® cyto-
kines, antioxidant stress, and others were reported.35 In
spite of this abundance of data and effort, confirmation
of any of the genetic variants as risk factors for ALD in
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independent cohorts is still lacking. In this respect, great
expectations came with the advent of genome-wide
association studies. In fact, recent genome-wide associa-
tion studies have identified a large number of robust

associations between specific chromosomal loci and

) : . : . 11,25,36
complex human disease, including liver diseases. 5.3

Our present study exploits this innovation by evaluating
a genetic variant previously identified as a risk factor
through genome-wide testing (PNPLA3 and nonalco-
holic fatty liver disease) through its testing in another
type of liver disease (alcoholic liver disease).

We conclude that PNPLA3 rs738409(G/G) carriers
represent a genetically defined subpopulation of high-risk
individuals susceptible to progression of clinically inappar-
ent to overt alcoholic liver disease. Indeed, considering
these two extremes of the spectrum of alcoholic liver injury
are considered, an OR of 11.6 (CI 3.41-39.46) is
obtained. In total, 26.6% of the population attributable
risk for the progression of early to advanced alcoholic liver
disease are conferred by the presence of this risk allele.
Homozygous carriers of genotype rs738409(GG) should
thus be considered a target group for future rigorous phar-
macological and nonpharmacological interventions.
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